Background-High catecholamine concentrations are cytotoxic to cardiac myocytes. We hypothesized that myocardial interstitial catecholamine levels are greatly elevated immediately after long-duration ventricular fibrillation (VF), defibrillation, and reperfusion and that the short-acting ␤-antagonist esmolol administered at reperfusion would protect against this catecholamine surge and improve survival. Methods and Results-In part 1 of this study, catecholamines from myocardial interstitial fluid (ISF) and aortic and coronary sinus plasma were quantified by use of 3 H-labeled radioenzymatic assay in 8 open-chest, anesthetized pigs. Eight minutes of electrically induced VF was followed by internal defibrillation and reperfusion. By 4 minutes of VF, ISF norepinephrine increased significantly, from 1.3Ϯ0.3 to 7.4Ϯ2.4 ng/mL. Epinephrine increased significantly, from 0.4Ϯ0.2 to 1.5Ϯ0.7 ng/mL. ISF norepinephrine and epinephrine peaked at 219.2Ϯ92.1 and 63.7Ϯ25.1 ng/mL after defibrillation and reperfusion and decreased significantly to 12.2Ϯ3.5 and 6.7Ϯ3.1 ng/mL 23 minutes after defibrillation. Transcardiac catecholamine changes were similar. In part 2, 8 minutes of VF was followed by external defibrillation in anesthetized, closed-chest pigs. Animals received 1.0 mg/kg esmolol (nϭ8) or saline (nϭ8) intravenously at the start of cardiopulmonary resuscitation (CPR). Advanced cardiac life support, including CPR and epinephrine, was delivered to both groups. Esmolol before reperfusion improved return of spontaneous circulation and 4-hour survival (7/8 versus 3/8 survivors, 2 PϽ0.05). Conclusions-Transcardiac and ISF norepinephrine and epinephrine levels are briefly massively elevated after 8 minutes of VF, defibrillation, and reperfusion. A short-acting ␤-antagonist administered immediately after defibrillation improves return of spontaneous circulation and 4-hour survival after this prolonged VF.
echolamine levels in the myocardium during global ischemia that occur with prolonged VF have been difficult to measure. In this study, we used microdialysis methods to quantify the magnitude and time course of release of the endogenous catecholamines norepinephrine and epinephrine into the interstitial fluid (ISF) of the left ventricle (LV) during prolonged VF when there is no blood flow and during reperfusion. In part 1, we hypothesized that intramyocardial tissue catecholamine levels are greatly elevated for a short time after prolonged VF, defibrillation, and reperfusion. In part 2, we hypothesized that the short-acting ␤-antagonist esmolol at reperfusion protects against this catecholamine surge and improves survival after prolonged VF.
Methods

Animal Preparation
Pigs were obtained from the University of Alabama at Birmingham Animal Resource Center and were managed in accordance with the guidelines established in the Position of the American Heart Association on Research Animal Use. 7 The University of Alabama at Birmingham Institutional Animal Care and Use Committee approved the experimental protocols.
Anesthesia was induced with intramuscular atropine (0.04 mg/kg), zolazepam-tiletamine (4.4 mg/kg), and xylazine (4.4 mg/kg). Animals were intubated, and anesthesia was maintained by inhalation of isoflurane (1.75% to 2.0%) delivered in 100% oxygen. Intravenous succinylcholine (3 to 6 mg/min) was administered before defibrillation. Animals were given intravenous 0.9% saline solution and mechanically ventilated. A lead II ECG was continuously monitored.
Part 1: Effect of VF, Defibrillation, and Reperfusion on Catecholamines and Ventricular Function
Eight mixed-breed pigs (41Ϯ4.2 kg) were studied. The chest was opened via median sternotomy and the heart suspended in a pericardial cradle. The left stellate ganglion was isolated for placement of stimulating electrodes. Catheters were placed in the descending aorta and into the coronary sinus (CS) for blood sampling. High-fidelity pressure transducers were inserted into the abdominal aorta and the LV for measurement of systemic arterial pressure and LV pressure. Two pairs of 2-mm piezoelectric transducers were placed on the endocardial surface of the LV on the major and minor axes. A tourniquet was placed around the inferior vena cava. The aortic root and right atrial appendage were cannulated for resuscitation by use of a cardiopulmonary bypass circuit. Intravenous heparin (10 000 U) was administered just before placement of the cannulae and repeated every hour (1000 U).
Two microdialysis probes were inserted into the lateral wall of the LV myocardium midway between the apex and base of the heart. 8 Two hours passed between probe placement and experimental measurements to allow cell damage products to wash out of the dialysis probes. 9 Saline was infused through the probes continuously at a rate of 2.5 L/min, and 18.8% recovery was used in the calculation of ISF norepinephrine and epinephrine. 8 Catecholamine concentrations were determined with the Biotrak catecholamine 3 H-labeled radioenzymatic assay (Amersham Pharmacia Biotech). 8 ISF from the LV wall was collected through the microdialysis tubes for 10 minutes (baseline). ISF was then collected for 3 minutes during left stellate ganglion stimulation at 2 times the threshold that evoked an increase in systemic arterial pressure (5 ms, 7 to 15 mA). A 30-minute recovery period was followed by a second 10-minute baseline ISF dialysate collection. VF was then electrically induced and continued for 8 minutes. Eight minutes of VF was chosen because it is clinically relevant relative to emergency response system arrival 1 and because by logistic regression models, this time period offers a realistic chance of influencing survival. 10 ISF was collected continuously at 0 to 2, 2 to 4, 4 to 6, and 6 to 8 minutes of VF. The heart was defibrillated with a biphasic waveform at 20 to 30 J and internal paddles. Thirty seconds after successful defibrillation, cardiopulmonary bypass was started at 1 L/min to provide reperfusion without disrupting the dialysis catheters. ISF continued to be collected at 8 to 10, 10 to 12, 12 to 15, 15 to 18, 18 to 22, 22 to 26, and 26 to 31 minutes after the initiation of VF. After another 30-minute recovery period, a second left stellate stimulation was performed with ISF collection. Aortic and CS blood samples were collected at baseline and at 10, 15, 22, and 31 minutes after the initiation of VF and before and at the end of stellate stimulation.
LV pressure and sonomicrometry dimension measurements were collected at baseline before VF induction and at the end of reperfusion with the animal off cardiopulmonary bypass to quantify cardiac function as determined by preload recruitable stroke work (PRSW). 11 Data were collected during transient (15 seconds) preload reduction by vena cava occlusion. Cardiac function was measured over the same time course in 8 similarly instrumented, anesthetized control animals without induction of VF. At the end of the study, the animals were euthanized with intravenous potassium chloride solution.
Part 2: Effect of the Short-Acting ␤-Adrenergic Antagonist Esmolol on Survival After VF
Sixteen mixed-breed pigs (30 to 40 kg) were anesthetized and instrumented as described above to measure systemic arterial and LV pressures. A third high-fidelity catheter was placed at the junction of the superior vena cava and the right atrium for measurement of central venous pressure and determination of coronary perfusion pressure. Animals were studied closed-chest with self-adhesive defibrillation electrodes located on the chest wall. Animals were randomized to receive either esmolol (1 mg/kg IV) or saline placebo after defibrillation. The investigator was blinded to the treatment.
Eight minutes of electrically induced VF was followed by external biphasic waveform defibrillation beginning at 3 J/kg. If the initial shock failed, energy was increased in 1-J/kg increments. After defibrillation, esmolol or saline was injected as cardiopulmonary resuscitation (CPR) began. External compressions were delivered at 100 compressions per minute by the investigator and monitored by a CPR-plus device (Kelly Medical Products). Ventilation was delivered with a mechanical respirator. Intravenous epinephrine (0.01 mg/kg) was given every 3 minutes if systolic blood pressure was Ͻ50 mm Hg. If after 1 hour, the animal did not maintain a systolic blood pressure Ͼ50 mm Hg, dobutamine was infused (5 g · kg Ϫ1 · min Ϫ1 ) for 2 hours and then stopped. If the animal was successfully resuscitated, it was monitored for 4 hours after VF induction. The study was ended if there was no ROSC after 30 minutes of CPR.
Statistical Analyses
Results are expressed as the meanϮSD. Continuous variables were compared by use of repeated-measures ANOVA. Differences between 2 variables were determined by use of Student's t test. PRSW was constructed by linear regression of the beat-by-beat stroke work versus end-diastolic volume during vena cava occlusion. 11 The slopes of the lines at baseline and at the end of the study were compared. Differences in the primary end point of survival at 4 hours were compared by use of a 2 test. Results were considered significant at a value of PϽ0.05.
Results
Part 1: ISF Norepinephrine and Epinephrine Measurements During Left Stellate Stimulation, VF, Defibrillation, and Reperfusion
Baseline left stellate stimulation doubled ISF norepinephrine from 1.6Ϯ0.5 to 3.2Ϯ1.1 ng/mL after 3 minutes of left stellate stimulation (PϽ0.05). ISF epinephrine increased 4-fold from 0.3Ϯ0.1 to 1.1Ϯ0.5 ng/mL during the same stimulation period (PϽ0.05).
By 2 minutes of VF, ISF norepinephrine had increased 5-fold from 1.3Ϯ0.3 to 6.8Ϯ2.9 ng/mL and remained elevated throughout VF ( Figure 1 ). ISF norepinephrine after defibrillation and reperfusion increased to a peak 164 times the baseline ISF level (219.2Ϯ92.1 ng/mL, Figure 2 ). ISF norepinephrine then decreased with time but did not return to baseline during the 30 minutes of measurement.
ISF epinephrine followed a trend similar to ISF norepinephrine. Baseline ISF epinephrine levels were 0.4Ϯ0.2 ng/mL and increased to 1.0Ϯ0.5 ng/mL by 2 minutes of VF (Figure 1 ), remaining elevated throughout VF (Figure 2 ). Defibrillation and reperfusion resulted in a similar increase in ISF epinephrine that peaked at 12 minutes (4 minutes after defibrillation and reperfusion) at a level 170 times baseline and did not return to baseline levels during the study.
After the massive catecholamine release that occurred after defibrillation and reperfusion, the ability of the sympathetic nervous system to release more catecholamines was tested with the second left stellate stimulation at the end of the study. After 3 minutes of stellate stimulation, ISF norepinephrine increased significantly, 1.3 times, from 2.3Ϯ0.7 to 3.1Ϯ1.1 ng/mL. ISF epinephrine increased significantly, 1.8 times, from 1.4Ϯ0.7 to 2.5Ϯ1.5 ng/mL.
Arterial and CS Norepinephrine and Epinephrine Measurements
Aortic norepinephrine and epinephrine both increased 3-fold after left stellate stimulation from 0.070Ϯ0.03 to 0.2Ϯ0.10 ng/mL and from 0.08Ϯ0.03 to 0.2Ϯ0.1 ng/mL, respectively (PϽ0.05). CS norepinephrine and epinephrine also increased significantly, from 0.1Ϯ0.08 ng/mL at baseline to 0.3Ϯ0.1 ng/mL and from 0.1Ϯ0.07 to 0.3Ϯ0.2 ng/mL after 3 minutes of left stellate stimulation. Aortic norepinephrine and epinephrine before VF were 0.11Ϯ0.05 and 0.14Ϯ0.04 ng/mL, respectively. CS norepinephrine and epinephrine were 0.13Ϯ0.07 and 0.17Ϯ0.09 ng/mL. Plasma catecholamines from both the aorta and CS increased greatly after defibrillation and reperfusion ( Figure 2 ). Peak norepinephrine and epinephrine levels of 480.5Ϯ131.6 and 152.7Ϯ35.7 ng/mL, respectively, were measured in aortic plasma 10 minutes after the beginning of VF (Ϸ2 minutes after defibrillation and reperfusion, Figure 2 ). A similar peak was detected in CS plasma at the same time point (368.9Ϯ159.0 and 106.2Ϯ54.5 ng/mL, respectively). Norepinephrine and epinephrine concentrations in plasma then decreased but never reached baseline levels during the study (Figure 2) .
At the end of the study, a second left stellate stimulation resulted in significant increases in aortic norepinephrine from 0.7Ϯ0.3 to 1.0Ϯ0.4 ng/mL and epinephrine from 0.5Ϯ0.1 to 0.7Ϯ0.3 ng/mL. CS norepinephrine increased from 0.7Ϯ0.4 to 1.0Ϯ0.5 ng/mL (PϽ0.05), and epinephrine increased from 0.5Ϯ0.2 to 0.7Ϯ0.4 ng/mL.
LV Function
After prolonged VF, defibrillation, and resuscitation, global contractility was markedly decreased (Figure 3) . The mean slopes of the stroke work-LV end-diastolic volume relation- Internal defibrillation was first attempted at 8 minutes, and reperfusion began 30 seconds after successful defibrillation. ISF catecholamine levels were lower than plasma levels at 10 and 12 minutes (2 to 4 minutes after defibrillation) but remained higher than plasma levels at all subsequent measurement points. *PϽ0.05 from baseline. ship decreased from 35.2Ϯ13.62 mm HgϫmL at baseline to 11.1Ϯ9.26 mm HgϫmL 31 minutes after VF (PϽ0.01). The x intercept was unchanged. The peak ϩdP/dt was unchanged from baseline (100.3%), but the peak ϪdP/dt was decreased to 59.5% of baseline. Significant decreases from baseline were also measured relative to LV systolic pressure (69.4%), pulse pressure (69.4%), and stroke volume (45.8% of baseline). In a separate group of 8 control pigs, the PRSW slope after a similar time period was 92.7% of baseline, suggesting that time and anesthesia were insignificant factors in decreasing LV function.
Part 2: Effect of Short-Acting ␤-Adrenergic Blockade on Survival After Prolonged VF
The survival rate was significantly higher for the esmolol group than for the placebo (Table) . Seven of 8 animals survived 4 hours in the group receiving esmolol, whereas 3 of 8 animals survived to 4 hours in the control group. The maximum systolic arterial pressure after ROSC was significantly lower in the esmolol group (143Ϯ27 mm Hg, nϭ7) than the placebo group (174Ϯ13 mm Hg, nϭ3), suggesting that esmolol blunted the hemodynamic response to endogenous catecholamines on ROSC. All animals that had ROSC survived to 4 hours. There was a trend toward a greater number of shocks being delivered after initial successful defibrillation in the placebo group (9.6Ϯ8) compared with the esmolol group (5.2Ϯ4). Furthermore, the esmolol group received a total of 41 shocks during the study, whereas the control group received 75 shocks (Figure 4 ). There was no significant difference in the CPR time or coronary perfusion pressure between the 2 groups. The same proportion of animals in each group that had ROSC required dobutamine support (Table) . All animals were easily weaned from dobutamine after 2 hours of inotropic support.
Systolic and diastolic function, as measured by peak ϩdP/dt and peak ϪdP/dt of the LV pressure trace, were not different between baseline and at 4 hours in the esmololtreated survivors (1142Ϯ221 versus 1176Ϯ235 and Ϫ1403Ϯ157 versus Ϫ1478Ϯ208), suggesting that esmolol treatment did not have a long-term effect on postresuscitation cardiac function in these animals.
Discussion
The major findings of this study are as follows. (1) ISF norepinephrine and epinephrine levels rise to Ϸ150 times baseline in the first few minutes after 8 minutes of VF, defibrillation, and reperfusion, and (2) a single dose of the short-acting ␤-adrenergic antagonist esmolol at reperfusion improves ROSC and survival in this swine model of prolonged VF and resuscitation. Other important findings include the following. (1) ISF norepinephrine and epinephrine increase 5-fold during VF; (2) plasma epinephrine and norepinephrine levels peak earlier and higher than ISF levels after reperfusion and then decrease rapidly to levels below ISF values, suggesting that in this model, plasma levels are not good estimates of ISF levels; and (3) both norepinephrine and epinephrine are released by cardiac nerves in the heart after prolonged VF and defibrillation.
In vivo microdialysis techniques have made it possible to directly determine myocardial interstitial catecholamine levels. This is important because the sympathetic nerves innervating the heart produce both norepinephrine and epinephrine and can reuptake catecholamines extracted from the vascular compartment. 8, 12, 13 Baseline ISF norepinephrine and epinephrine concentrations in this study were severalfold higher than arterial and CS plasma catecholamine levels. These data demonstrate the concentration gradient for catecholamine spillover into the circulation and are consistent with other studies in which catecholamine concentrations at sites of release are much higher than in plasma. 8, 14, 15 Increased myocardial catecholamine release into the ISF has been reported during stellate ganglion stimulation and after infusions of angiotensin II, exogenous catecholamines, tyramine, and desipramine. 8, 13, 15 Measurement of catecholamines by use of microdialysis methods has proved to be especially useful in settings of diminished blood flow to the tissue, such as during regional ischemia. Lameris et al 12 reported that temporary coronary artery occlusion in anesthetized pigs results in a progressive increase in ISF catecholamines in the ischemic region.
To the best of our knowledge, the present study is the first quantification of myocardial interstitial catecholamine levels during global ischemia induced by prolonged VF, defibrillation, and resuscitation. Significant increases in both ISF norepinephrine and epinephrine occurred during VF that were 1.5 to 2 times greater than catecholamine levels measured during electrical stimulation of sympathetic neurons and up to 5 times greater than baseline ISF catecholamine levels. Because there is essentially no blood flow during VF, these increases must have come directly from the heart. In addition, huge increases in arterial norepinephrine of 4000 times and epinephrine of 1000 times baseline indicated a massive increase in sympathetic nervous activity and huge adrenomedullary neuroendocrine release after 8 minutes of hypoxia, hypotension, and global ischemia caused by VF. The marked increases in norepinephrine and epinephrine plasma CS levels were probably the end result of neuronal co-release and spillover because of failure of organ extraction and reuptake mechanisms. These data further indicate that measurement of plasma catecholamine levels alone does not provide an accurate dynamic estimate of catecholamine levels in the heart after defibrillation and subsequent reperfusion. Stimulation of the stellate ganglia at the end of the experiment after massive local and systemic release of catecholamines indicated that sympathetic nerve terminals remained functional after 8 minutes of global ischemia, but the absolute catecholamine increase was less than at the beginning of the experiment. In addition, ISF and plasma catecholamines remained elevated and had not returned to the initial baseline levels when measurements were obtained before the second stellate stimulation, indicating that both myocardial and systemic catecholamines were high 1 hour after the beginning of VF.
Resuscitation Data
Despite massive endogenous release of catecholamines during VF, exogenous epinephrine has been considered an essential drug in cardiopulmonary resuscitation. 16 Several studies have suggested that the primary benefit of epinephrine is mediated through peripheral ␣-adrenergic vasoconstriction and increased coronary perfusion pressure. Epinephrinemediated ␤-adrenergic effects may be harmful by increasing the myocardial oxygen consumption of the ischemic fibrillating heart at a time when metabolic demand of the heart is already increased and energy stores are low, predisposing to postdefibrillation dysfunction and cardiac arrhythmias. [17] [18] [19] [20] [21] Exogenous epinephrine can also alter activity within the cardiac nervous system and thereby affect cardiac regulation. 22 ISF catecholamine measurements in this study during reperfusion without exogenous epinephrine injection were of the magnitude reported to result in decreased ATP levels, arrhythmias, and irreversible myocyte damage and cell death. 3, 6, 23 Furthermore, PRSW, which is a load-independent quantification of myocardial function, indicated significant myocardial dysfunction in the presence of massive catecholamine release. Other measurements of LV function, such as the peak ϪdP/dt and stroke volume, were diminished and suggestive of diastolic stiffness. Although injection of epinephrine has been a mainstay of advanced cardiac life support, endogenous catecholamine levels may already be present at high levels in the earliest phase of resuscitation, when the heart is not functioning well mechanically to pump blood. Furthermore, some data show no improvement in survival after cardiac arrest in patients who receive epinephrine compared with no exogenous epinephrine. 24 The phases of resuscitation after cardiac arrest need to be considered as the best drugs for long-term survival are established. The use of ␤-blockers during and after experimental VF and resuscitation has been examined and has shown either benefit 2, 5 or no significant improvement in outcome. 17 On the basis of the massive peak measured in the present studies 4 minutes after defibrillation and reperfusion, we theorized that the time of administration and duration of effect of ␤-adrenergic blocking agents might be critical to favor the beneficial ␣-adrenergic receptor actions and inhibit the potentially detrimental ␤-adrenergic receptor effects mediated by endogenous catecholamine release.
Esmolol is a ␤ 1 -adrenergic receptor antagonist with a half-life of 9 minutes. It has been used in a number of clinical situations in which rapid reversal of effect may be necessary, including during acute myocardial ischemia and during cardiopulmonary bypass surgery. 25, 26 Esmolol was chosen in this study because its period of action was similar to the duration of the catecholamine surge measured by tissue microdialysis after prolonged VF and resuscitation. We did see a blunting of the maximum systolic arterial blood pressure after ROSC, showing that esmolol did moderate the functional effects of the catecholamine surge. The percentage of survivors that required dobutamine support after resuscitation was the same in the 2 groups, suggesting that there was not a long-term decrease in cardiac function caused by ␤-adrenergic receptor antagonism. It is inherently difficult to define the mechanisms of catecholamine cardiotoxicity in vivo because of complex alterations in blood flow and cardiac loading. However, studies in isolated hearts and cultured myocytes indicate that ␤-adrenergic receptor activation results in cAMP-mediated calcium overload, which is fundamental to early myocyte death. 3, 27, 28 Furthermore, the finding by Mann et al 3 that norepinephrine could decrease myocyte protein synthesis suggests a mechanism for pump dysfunction in the presence of high levels of catecholamines. Catecholamines are important regulators of the response of the cardiovascular system to stress. Nonetheless, cardiac arrest and cardiopulmonary resuscitation are extreme forms of stress that lead to profoundly elevated cardiac ISF levels of catecholamines in the earliest stages of resuscitation, which can be cardiotoxic.
Our data suggest that relatively short-duration ␤-adrenergic receptor blockade in the first phase of resuscitation, when endogenous catecholamines are already extremely high may improve survival. Further study is needed to determine the adrenergic requirements of the damaged heart during the second phase of resuscitation, when adequate myocardial function is needed to support organ recovery and to improve long-term outcome from resuscitation.
Limitations
In this study, myocardial interstitial catecholamine levels were studied during and after a single duration of unsupported VF. Catecholamine levels may vary with unsupported fibrillation time. Additional studies are necessary to investigate this question. Esmolol was delivered at the time of reperfusion. It is unknown whether the beneficial effect will carry over if the drug is given later in the reperfusion period. It is also unclear whether the beneficial effects of esmolol reflected altered catecholamine release or were a manifestation of the transient blockade of the myocyte ␤-adrenergic receptor. This information would be useful in applying the use of esmolol to CPR.
Clinical Implications
Although the pathophysiological significance of the massive accumulation of catecholamines in the myocardium after defibrillation and reperfusion is unclear, the catecholamine levels measured in this study can result in malignant arrhythmias and myocardial cell death. 23 With newer biphasic automatic external defibrillators, our ability to successfully halt VF in sudden cardiac death victims has risen to an impressive 98%. 23 Unfortunately, survival of these patients to hospital discharge is only Ϸ30%, suggesting that much more work is necessary to understand how to maintain ROSC and myocardial function. The potential therapeutic usefulness of interventions such as esmolol at the time of resuscitation warrants further investigation. Furthermore, the universal use of exogenous epinephrine as the drug of first choice for cardiac resuscitation needs to continue to be evaluated.
